PEBP2b/Cbfb is the beta subunit of PEBP2/Cbf, which has been demonstrated to have important biological activities in hematopoiesis and osteogenesis. However, PEBP2b is ubiquitously expressed, suggesting that PEBP2 has other additionally important physiological activities. In an effort to elucidate other possible functions for PEBP2, we have isolated a novel gene that encodes a PEBP2b-interacting protein from a mouse cDNA library. We have called this gene Crl-1 for charged amino acid rich leucine zipper-1 (Crl-1) because it is rich in charged amino acids and contains a putative leucine zipper region. Expression studies in a 17.5 days post-coitum mouse embryo demonstrated Crl-1 expression mainly in the olfactory bulb and cerebral cortex. Post-natally, Crl-1 expression was additionally observed in the cerebellar cortex with strong expression in the hippocampus. These ®ndings show that this novel PEBP2b-interacting protein is expressed mainly in subsets of neuronal cells, suggesting that Crl-1 plays some role in the developing mouse brain. q
1. Cloning and sequence of Crl-1 cDNA PEBP2/Cbf/Runx is a sequence-speci®c DNA-binding protein. Each member of the PEBP2 family is composed of two subunits, a and b (Bae and Ito, 1999; Speck et al., 1999) . The a subunit is encoded by three distinct genes, PEBP2aA/Cbfa1/AML3/Runx2 (Ogawa et al., 1993b) , PEBP2aB/Cbfa2/AML1/Runx1 (Bae et al., 1993; Miyoshi et al., 1991) , and PEBP2aC/Cbfa3/AML2/Runx3 (Bae et al., 1995) , whereas only one gene is known to encode for the b subunit (Ogawa et al., 1993a; Wang et al., 1993) . At least three alternatively-spliced isoforms, PEBP2b1, b2, and b3, are generated from the PEBP2b gene. The a subunit binds to DNA and the b subunit augments the DNA binding af®-nity of the a protein. PEBP2aB/AML1 has been demonstrated to be located at the breakpoints of chromosome translocations responsible for some human leukemias (Erickson et al., 1992; Golub et al., 1995; Romana et al., 1995) . More recently, it has been demonstrated that PEBP2aA/Cbfa1, another PEBP2a gene, plays an essential role in osteogenesis (Komori et al., 1997; Lee et al., 1997; Mundlos et al., 1997; Otto et al., 1997) . While the a subunits are expressed in speci®c tissues related to hematopoiesis and osteogenesis, the b subunits are expressed ubiquitously , which suggests that PEBP2 has additional biological activities other than its documented roles in hematopoiesis and osteogenesis. In support of this notion, a correlation between mood disorder and PEBP2b expression has recently been suggested (Chen et al., 1999) .
In an attempt to elucidate other possible biological roles for PEBP2, we have isolated a gene encoding a protein that interacts with the b subunit of PEBP2 by using the yeast two-hybrid method and a mouse embryonic cDNA library. One of the strong positive clones isolated using this method encoded a novel protein with a putative leucine-zipper domain. Further analysis revealed that the encoded protein interacts speci®cally with the alternate splice variant, PEBP2b2, which contains a unique C-terminal 17 amino acid region (Fig. 1) . Although the 17 amino acid region is not involved in heterodimerization, this region is thought to be essential for the in vivo function of the protein dimer, because targeted deletion completely abolished the activity of PEBP2/Cbf in mice (Wang et al., 1996) . We have named this gene`charged amino acid rich leucine zipper-1' (Crl-1), because the deduced amino acid sequence contains a total of 41% charged amino acids, which are 20% positively charged and 21% negatively charged, and two putative leucine zipper domains. The full-length cDNA sequence of Crl-1 (GenBank AF155362) was obtained by sequencing clones obtained by screening a mouse brain cDNA library (Clontech, Palo Alto, CA). Fig. 1D shows the deduced amino acid sequence of Crl-1.
The expression pattern of Crl-1 gene
Expression patterns of Crl-1 were examined using in situ hybridization techniques. In the 17.5 days post-coitum Fig. 1 . Isolation of a gene for a novel protein that speci®cally binds to PEBP2b2 using the yeast two-hybrid system. (A) The four plasmid constructs used in this study, pBTM116-LexA, pBTM116-LexA-b1, pBTM116-LexA-b2 and pBTM116-LexA-b3 are shown diagrammatically. The amino acid sequences for PEBP2b1, b2, b3 were obtained from Ogawa et al. (1993a) (Kamakaka and Rine, 1998) . The region of highest homology between Crl-1 and SAS10 is marked by a dotted line, nominally called the SAS10-Crl-1 homology domain, or SCH domain. mouse embryo, Crl-1 expression was observed mainly in the olfactory bulb and cerebral cortex (Fig. 2) . Signals demonstrating Crl-1 expression ®rst appeared in the cerebral cortex. No signal was detected at E13.5 (Fig. 3A) , but at E15.5 some neurons were expressing Crl-1 (Fig. 3B) . After E17.5 (Figs. 2  and 3C,D) , all cerebral neurons were positive for Crl-1 expression. The olfactory bulb began to show Crl-1 signals from E17.5, which continued post-natally (Figs. 2 and 3E,F) . In the adult (2 months after birth), Crl-1 expression in the olfactory bulb was observed in a laminar pattern. Crl-1 signals were barely detectable in the E17.5 hippocampus (Fig. 3G ), but became stronger within 24 h after birth (Fig.  3H) , and were quite clear in the adult (Fig. 3I) . In the cerebellum, Crl-1 expression was not detected in E17.5 embryos (Fig. 3J) , but was detectable in the newborn (Fig. 3K) and adult (Fig. 3L) mouse. Closer examination in the adult mouse demonstrated Crl-1 expression in the Purkinje and neuronal cells of the granular layer (Fig. 3M) . Crl-1 expression was Fig. 3 . Expression of Crl-1 in the mouse central nervous system at different stages of development. Only anti-sense probe results are shown. Controls using a sense probe were all negative (data not shown). Cerebral cortices at the following stages of development were examined for Crl-1 expression; E13.5 (A), E15.5 (B), newborn (C), and adult (D). Olfactory bulb of newborn (E) and adult (F). Hippocampus of E17.5 (G), newborn (H), and adult (I). Cerebellum of E17.5 (J), newborn (K), and adult (L). Higher magni®cation of cerebellar cortex (M), dentate gyrus (N) and CA3±4 region (O) of the hippocampus of an adult mouse. The following abbreviations designate speci®c regions: GCL, granular cell layer; GL, granular layer; ML, molecular layer; PC, Purkinje cell; PL, plexiform layer; PyCL, pyramidal cell layer; SO, stratum oriens; SR, stratum radiatum. Scale bar: 10 mm.
also demonstrated in the neurons of the granular cell layer of the dentate gyrus (Fig. 3N ) and in neurons of the pyramidal cell layer of the CA3±4 region of the hippocampus (Fig. 3O) . Taken together, our results show that Crl-1 is expressed mainly in neuronal cells of the brain.
Materials and methods

Yeast two-hybrid screening
Yeast strain L40 was transformed with pBTM116-b2, which expressed the LexA DNA-binding domain fused to the PEBP2b2 C-terminal region (amino acids 120±182). Yeast two-hybrid positive clones were screened from a mouse brain match-maker cDNA library (Clontech) according to instructions provided by the manufacturer. For cloning full-length Crl-1, a mouse brain cDNA library (Clontech) was screened using a cDNA fragment obtained from the yeast two-hybrid screening essentially as described by Sambrook et al. (1988) . Sequencing was performed in both directions.
In situ hybridization
Digoxigenin-labeled sense and anti-sense Crl-1 riboprobes were generated from pBluescript II KS (Stratagene, La Jolla, CA) containing a 611-bp ApaI±Hind III fragment of mouse Crl-1 cDNA (nt 185±796). In situ hybridization and signal detection were performed as described previously (Hirota et al., 1992) .
